In a previous study we investigated the effects of callosal transected lesions made 10 weeks earlier (the 10-week-old callosal transected lesions), either at 3 weeks of age or at 13 weeks of age, upon the acquisition of a black-white (BW) discrimination in rats either with one eye removed at birth (OEB) or at 13 weeks of age (OET) following lesions of the contralateral (CT) visual cortex to the remaining eye. The CT visual cortex lesions were performed right before the training of BW discrimination. We found that the 10-week-old callosal transected lesions facilitated the acquisition in OEBs when the callosal lesions were given at 3 weeks of age, and to a lesser extent at 13 weeks of age. We also found that the same type of callosal transected lesions did not do so in OETs, regardless of the age when the callosal lesions were made.
Introduction
It is well known that monocular enucleation at birth or in early postnatal days results in expanded uncrossed visual pathways to the visual cortex ipsilateral to the remaining eye (IP visual cortex), via the dorsal lateral geniculate nucleus (LGNd), and via the superior colliculus (SC) in rats (e.g., Chan & Jen, 1988; Jeffery, 1985; Jen & Lund, 1981; Laemle & Labriola, 1982; Lund, Cunningham, & Lund, 1973 , Sefton & Lam, 1984 . Behaviorally, 3-month-old rats with one eye removed at birth (OEBs) can relearn a black-white (BW) discrimination faster than those rats with one eye removed at 13 weeks of age (OETs), when relearning is initiated 10 days after lesions of the visual cortex contralateral to the remaining eye (CT visual cortex) . In this case the CT visual cortex lesions are made the day following the completion of original learning (Ikeda, Sakai, & Yagi,1988; Ikeda, Sakai, & Yagi, 1992; Ikeda, Yagi, & Sakai, 1983; Sakai, Ikeda, & Yagi, 1991; Sakai, Ikeda, & Yagi, 1996; Yagi & Sakai, 1979; Yagi, Sakai, & Ikeda, 1989) . This "faster" relearning phenomenon of OEBs is considered to be a behavioral expression of the above mentioned reorganization in the visual system. However, our previous studies (Ikeda et al., 1988; Ikeda et al., 1992; Ikeda et al., 1983; Sakai et al., 1991; Sakai et al., 1996; Yagi & Sakai, 1979; Yagi et al., 1989) have also demonstrated that neither OEBs nor OETs are able to master BW discrimination when the discrimination training is given at 3 months of age and made 10 days after damage of the CT visual cortex. We interpret the reason for the inability to discriminate as follows: In postoperative original learning, rats have to learn to extract the experimenter's defined relevant cues for discrimination from various kinds of potential stimuli, and this might still be difficult, even for OEBs that possess expanded uncrossed visual pathways.
Is there any way to make OEBs and OETs capable of mastering BW discrimination when learning occurs after the CT visual cortex lesions? We found out that the answer is "yes." During an investigation of the behavioral functions of the expanded uncrossed visual pathways in OEBs, we studied the possibility of neural reorganization in the IP visual cortex, which would be brought out by long-term callosal deafferentation. Specifically, we (Ikeda et al., 1992) examined the effects of callosal transections made at 3 weeks of age and at 13 weeks of age upon the acquisition of BW discrimination using OEBs and OETs. Ten weeks following the callosal transections, rats received the CT visual cortex lesions, and after a recovery period of 10 days, the discrimination training was started. The results indicate that (i) OEBs were endowed with the ability to acquire the discrimination habit when the callosal transections were made at 3 weeks of age, and to a lesser extent at 13 weeks of age, and (ii) OETs did not benefit at all, regardless of the age when the callosal transections were made. These findings were interpreted to show the occurrence of a greater synaptic reorganization in the IP visual cortex of OEBs, which was hypothesized to take place in a manner as follows: (i) there are more neurons receiving callosal afferents in OEBs than in OETs (Cusick & Lund, 1982 , Lund, Chang, & Land, 1984 , Rhoades & Dellacroce, 1980 , and those afferents should degenerate by the 10-week-old callosal transected lesions, and (ii) there are more thalamic afferents in OEBs than in OETs projecting from the LGNd and the posterior nucleus of the thalamus to the IP visual cortex, and the axon terminals of those afferents would, in turn, proliferate and occupy the synaptic sites vacated by the degenerated callosal afferents. Such neural reorganization is known to be more active in infancy than in adulthood (Hoff, Scheff, & Cotman, 1982; Lynch & Gall, 1980; Lynch, Stanfield, & Cotman, 1973; McWilliams & Lynch, 1983) .
The above findings and speculations led us to undertake the present study. Since the CT visual cortex lesions should result in damage of the callosal neurons projecting to the IP visual cortex, we became curious to know if the effects of 10-week-old CT visual cortex lesions on the acquisition of BW discrimination were similar to those of the 10-week-old callosal transected lesions. The purpose of the present study was to find an answer to this question.
Method Subjects and Monocular Enucleation
Fifty one male albino rats of the Wistar strain served as subjects. Dependent upon the time difference of the one eye enucleation, they were divided into two types. One type had the right eye removed within 24 hours after birth (OEB). The other had the right eye enucleated at 81 days of age (nearly 12 weeks of age: OET). Enucleation of the eye was performed under sodium pentobarbital anesthesia (50 mg/kg, i.p.) in OETs, and under an ether anesthesia in OEBs. The rats were weaned from their mothers at 30 days of age, and thereafter were housed in group cages (two to three rats per cage) and were maintained on an ad lib food and water schedule under normal day-night cycles. Each of OEBs and OETs was assigned further into the experiments of 2 conditions (condition A and B). Conditions A and B were as follows.
Condition A Fifteen OEBs and 14 OETs served as subjects. They all had the CT visual cortex injured at 3 weeks of age, and 10 weeks later (at 13 weeks of age) were given the training. The mean body weight of the OEB group at the beginning of training was 454.0 g and that of the OETs was 441.8 g. There was no significant difference between the two groups 4(27)=0.6021.
Condition B Eleven OEBs and 11 OETs served as subjects. They had the CT visual cortex damaged at 13 weeks of age, and 10 weeks later (at 23 weeks of age) were given the training. The mean body weight of the OEB group was 535.5g and that of the OET group was 534.5g. Again, no significant difference was found between the two groups { 020)=0.056}.
Cortical Lesion
All subjects had the right visual cortex removed at either 3 weeks of age or 13 weeks of age. The lesions were performed by aspiration under sodium pentobarbital anesthesia (50 mg/kg, i.p.). The lesions were intended to extend from the tip of the occipital pole to 6 mm anteriorly and from the midline to 6 mm laterally at 3 weeks of age, and from the tip of the occipital pole to 7 mm anteriorly and from the midline to 7 mm laterally at 13 weeks of age. The lesions included almost all of areas 17, 18, and 18a as defined by Krieg (1946) . Following surgery, the animals were given prophylactic doses of an antibiotic. Training Apparatus and Procedure
The training apparatus was a modification of the shock-avoidance discrimination box originally devised by Thompson and Bryant (1955) , in which the animals were trained on BW discrimination (black 6.2 cd/m2, white 202.1 cd/m2) by basically the same procedures as those employed in previous studies (e.g., Ikeda et al., 1983) . Briefly, the white door was the positive stimulus, and the electrical shock (50 Y, AC) was given from the floor grids. Training consisted of 20 trials a day, and it continued until the animals reached a criterion of three successive blocks of ten trials in which the first and second blocks had more than nine avoidances and the third one had more than eight avoidances (9/10, 9/10, 8/10). The training was made within trial limits of a total of 300 trials. Table 1 summarizes the treatments.
Evaluation of Discrimination Acquisition
The performance of discrimination acquisition was evaluated in terms of the number of errors to the criterion. For statistical analysis of the data, the MannWhitney U-test (two-tailed) was employed.
Histological Procedure
After the experiment was over, each rat was deeply anesthetized with an overdose of sodium pentobarbital, and was perfused through the heart, using a peristaltic pump, first with 100-150 ml saline at room temperature, followed by 100-150 ml of cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). The brain was removed from the skull and postfixed with the same fixative solution at 4C overnight, and was then cryoprotected in 0.1 M PB containing 10, 15 and 20% sucrose with 0.1% NaN (subscript: 3) at 4C until it sank, each for an overnight period, respectively. After the dorsal surface of the brain was photographed by a Medical Nikkor camera, coronal 30 gm sections were cut in a cryostat (-18C) throughout the LGNd, and every 5th section was processed with Nissl stain. Subsequently, the amount of retrograde degeneration, as defined by a complete neuronal cell loss in the rostral, middle, and caudal portions of the LGNd, was assessed under a microscope for all animals. Furthermore, using a photograph of the dorsal surface of the brain ( Fig. 1 and 2 ; top, left) and a low power photomicrograph of the coronal section of the LGNd ( Fig. 1 and 2 ; middle), the extent of the CT cortical lesions and the size of the IP and CT
LGNd were measured for each rat by Mac NIH Image.
They were quantified by tracing the circumference of the destroyed cortical area and that of the LGNd. Figures 1 and 2 show the dorsal surface of the brain, the coronal section through the CT cortical lesion site and the LGNd in the IP and CT hemispheres of four representative animals: one for each of the OEB and OET groups in condition A (Fig.1) , and that in condition B (Fig. 2) , respectively.
Cortical Lesions. In all subjects damage was restricted to the cortex and did not extend to the subcortical areas as seen in Fig. 1 and 2 (top, right) . Although posterior cortical lesions were large enough to include areas 17, 18, and 18a in most of subjects, some cortical sparings were observed along the midline in all subjects ( Fig. 1 and 2; top, left) . Comparisons of the cortical lesion size with the rate of learning showed no systematic relations either in OEBs or in OETs, for either condition A or condition B. Also, none of the subjects showed apparent motor deficits as a result of the large extent of the cortical lesions.
Retrograde Degeneration of the Contralateral LGNd . Although retrograde degeneration of the LGNd LGNd in (a) shows shrinkage due to monocular enucleation at birth, whereas such shrinkage was not observed in the ipsilateral LGNd in (b), in which one eye was removed after maturity. Dashed outline indicates the circumference of the LGNd. Bars: Top-right, 1 mm; Middle , 500 gm; Bottom, 100 gm.
(a) (b) neuronal cells contralateral to the remaining eye as a result of the cortical lesions in the same hemisphere was almost complete in most of the subjects ( Fig. 1 and 2 ; bottom, right), in one OEB, #2, and two OETs, #5 and #8, for condition A, and in one OEB, #4, and one OET, #1, for condition B, some healthy cells were found to be scattered in the LGNd. However, there was no consistent relation in the performance of discrimination between rats with neuronal sparings of the LGNd and those with complete degeneration.
Shrinkage of the Contralateral
LGNd . Due to the cortical lesion, the size of the LGNd contralateral to the remaining eye was found to be reduced to 16-22 % as small as the normal size in condition A ( Fig. 1 ; middle, right), and 34-41 % in condition B ( Fig. 2 ; middle, right).
Shrinkage of the Ipsilateral
LGNd . The
LGNd ipsilateral to the remaining eye of the OEB group in both conditions A and B showed shrinkage, 41-57 % as small as the normal size, as a result of monocular enucleation at birth (Fig. 1 (a) and 2 (a) ; middle, left), whereas such shrinkage was not observed in the LGNd of the OET group in both conditions A and B, in which one eye was removed after maturity ( Fig. 1 (b) and 2 (b); middle, left). Behavioral Results Table 2 shows the numbers of errors made by the individual subjects of OEBs and OETs to reach criterion in condition A and B. Table 3 shows the data of the previous study in the corresponding conditions. As seen from Tables 2 and 3, the overall pattern of the results of the present study was basically the same as that of the previous study. However, statistical analyses revealed slight differences. In the present study there is no reliable difference in the numbers of errors to reach criterion between OEBs (mdn = 62) and OETs (mdn = 77.5) in condition A, showing both OEBs and OETs were able to acquire the discrimination equally well (U (15,14) = 78). In condition B, while no significant difference was obtained in the numbers of errors to criterion between OEBs and OETs in the previous study, OEBs (mdn = 96) could master the discrimination significantly faster than OETs ( (med = +) (U (11,11) = 27.5) p <0.04) in the present study. Also, in both OEBs and OETs the acquisition rate of BW discrimination was faster when the CT visual cortex lesions were made at 3 weeks of age than at 13 weeks of age (U (15,11) = 36.5, p<0.02 for OEBs, U (14,11) = 31.5, p<0.02 for OETs).
In order to compare the degree of the facilitative effects on the acquisition of BW discrimination between the CT visual cortex lesions and the callosal transected lesions in OEBs and OETs, all OEB and OET data in the present study (Table 2) were pooled regardless of the age of the CT visual cortex lesions. Similarly, data of the previous study were pooled regardless of the age of the callosal transected lesions (Table 3 ). It was found that the acquisition of BW discrimination was reliably facilitated more in the CT visual cortex lesions than in the callosal transected lesions (mdn=86 for the CT visual cortex lesions; mdn=121 for the callosal transected lesions; CR(51, 51)=2.47, p<0.02).
The role of the IP visual cortex in mediating learning of the discrimination was examined in the present study; 15 subjects (4 OEBs and 4 OETs in condition A; 5 OEBs and 2 OETs in condition B) were arbitrarily picked up from those OEBs and OETs that reached criterion, and were tested for the discrimination capacity following the additional lesions of the IP visual cortex. Performance of the discrimination was evaluated in terms of percent correct responses in the first and last 20 trials in the stipulated 100 relearning trials ( Table 2) . The median percent correct responses for the first and last 20 trials are 60 and 50, respectively, indicating that the IP visual cortex plays an essential role in BW discrimination. Discussion The present study indicates that the overall pattern of the results is in general the same as that of the previous study; when the CT visual cortex was extirpated at 3 weeks of age (Condition A), not only OEBs but also OETs mastered the task. The present study also shows that when the time of the CT visual cortex lesions was delayed until 13 weeks of age (Condition B), OEBs could still master the task, but OETs could no longer do it. The result that is different from those of the previous study is that OETs in condition A became able to acquire the discrimination habit, whereas they did not in the previous study. This difference, however, should not be taken as a sign of qualitative change of neural reorganization in OETs between the present and the previous studies, because 7 out of 16 OETs (43.8%) learned the task in the previous study.
Since the additional lesions of the IP visual cortex after the completion of the discrimination made OEBs and OETs unable to restore the habit, the IP visual cortex is assumed to play an essential role in mediating BW discrimination. This finding also is accord with that of the previous study.
And now we know that the acquisition of BW discrimination is more facilitated in the present study than in the previous study. In other words, the long-term CT visual cortex lesions facilitate the acquisition of BW discrimination much more than the long-term callosal transected lesions.
Then, a question is raised as to how a further facilitation in the learning ability of the IP visual cortex as observed in the present study would be explained. Would it be possible to extend the hypothesis (see Introduction) to explain it? The answer appears to be "yes."
A number of investigations have suggested that terminal proliferation or reactive synaptogenesis is trig- (Ikeda et al., 1992) gered and facilitated by neurotrophic factors, released either by glial cells or neurons in the course of terminal degeneration (e.g., Cotman & Nadler, 1978; Manthorpe, Nieto-Sampedro, Skaper, Lewis, Barbin, Longo, Cotman, & Varon, 1983) . The degree of reactive synaptogenesis is influenced by many factors, such as the amount of released neurotrophic factors, age, the primed state of terminals to sprout, etc. When only the callosal transected lesions are made in the previous study, it is assumed that a main releasing source of neurotrophic factors is around the terminal degeneration site of the callosal fibers, where reactive synaptogenesis takes place. But when the CT posterior cortex is largely damaged, in neonatal rats as well as in adult rats, it has been reported (i) that the damaged cortical site itself releases neurotrophic factors, which then spread over the IP cortex through the ventricular system, and (ii) that the level of neurotrophic activity is roughly proportional to the volume of the damaged cavity in the cortex Nieto-Sampedro & Cotman, 1985; NietoSampedro, Manthorpe, Barbin, Varon, & Cotman, 1983 ).
And it is also known that neural reorganization or reactive synaptogenesis is more active in infancy than in adulthood (Hoff et al., 1982; Lynch & Gall, 1980; Lynch et al., 1973; McWilliams & Lynch, 1983) . Therefore, it is conceivable that by this added amount of released neurotrophic factors resulting from the CT visual cortex, a further facilitation of neural reorganization or reactive synaptogenesis in the IP visual cortex is expected to occur in the present study, and consequently, it serves to enhance the acquisition ability of BW discrimination not only in OEBs but also in OETs.
Thus, the following point is implicated in the present study. If the amount of trophic factors is sufficient for reactive synaptogenesis, then, the attainment of level of neural reorganization sufficient for the acquisition of BW discrimination would take place through the degeneration of those callosal terminals. This is not only so in the OEBs that are endowed with exuberant callosal terminals in the IP visual cortex, but also in the OETs that have regular numbers of callosal terminals and thalamic afferents.
As another contributing factor, on the other hand, one may consider the increased use of the uncrossed visual pathways to visually explore the surroundings.
Recent studies on the adult rat somatosensory cortex (Jones, Kleim, & Greenough, 1996; Jones & Schallert, 1992; Jones & Schallert, 1994) 
